Vector Network Analyzer basics

What Types of Devices are Tested?

Adapters
Opens, shorts,
Delay lines
Cables
Transmission lines
Waveguide
Resonators

Dielectrics

R,L,C's Diodes

. |
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Trasmission lines

Lightwave Analogy to RF Energy

incident :7

Reflected

:- Transmitted

Lightwave
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Why Do We Need to Test Components?

 Verify specifications of “building blocks” for more
complex RF systems
P X y L. IIIIIIII\ [0
» Ensure distortionless transmission
of communications signals
— linear: constant amplitude, linear phase / constant group
delay
— nonlinear: harmonics, intermodulation, comp
to-PM conversion
» Ensure good match when absorbing
power (e.g., an antenna)

M-

: Agilent Technologies

The Need for Both Magnitude and Phase
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Transmission Line Basics

+
I
R \/_
Low frequencies
« wavelengths >> wire length

« current (1) travels down wires easily for efficient power transmission
. measured voltage and current not dependent on position along wire

~] D

High frequencies
. wavelength » or << length of transmission medium
« need transmission lines for efficient power transmission
« matching to characteristic impedance (Zo) is very important for low
reflection and maximum power transfer
. measured envelope voltage dependent on position along line
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Transmission line Zo

Zo determines relationship between voltage and current
waves
- Zois a function of physical dimensions and &,

- Zois usually a real impedance (e.g. 50 or 75 ohms)
Twisted-pair

attenuation is
lowest at 77 ohms

normalized values
>

‘ \ 0.7 power handling capacity
peaks at 30 ohms
\ 06
) w
05 1 1 TR 1
/ 10 20 30 40 50 60 708090100
Co i Arip characteristic impedance

for coaxial airlines (ohms)
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Power Transfer Efficiency

Rs

For complex impedances, maximum
power transfer occurs when Z. = Zs*
(conjugate match)

Rs +jX

RL

Load Power
(normalized)

e 8 o o =
oM h O =N
—]

1.2 3 4 5 6 7 8 9 10
RL/Rs

o

Maximum power is transferred when RL = RS
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Transmission Line Terminated with Zo

Zo = characteristic impedance
Zs =70 of transmission line

e [J7 /% Zo

Vinc > N
<:: Veeti= 0! (all the incident power
is absorbed in the load)

For reflection, a transmission line
terminated in Zo behaves like an infinitely
long transmission line
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Transmission Line Terminated with
Short, Open

J
,wm\mwwl‘ mwmm\r "\'H”\U\W”MH“W'>
Zs =70
P i
e RVAVA
W\ <:: Vien In-phase (0°) for open,
out-of-phase (180°) for short
For reflection, a transmission line

terminated in a short or open reflects

all power back to source
-5~ Agilent Technologies

X ><J

Transmission Line Terminated with 25 Q

Il ”l‘H\“\‘M M‘\Wm I ‘HM i
Zs =270

Standing wave pattern
does not go to zero as

with short or open
i~ Agilent Technologies




Reflection Parameters

Reflection F Vreflected
Coefficient

ZL — ZO
- Vincident _pl ¢ - ZL + ZO

Return loss = -20 log(0), P - IT|

I Emax Voltage Standing E 1+p
‘ : : VSWR - Emac _
WML B weve Ratie ° Ermin P

No reflection Full reflection
(Z. = Zo) (Z. = open, short)
0 7

|
~ds [ RL | 0dB
1| vswr T -
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Transmission Parameters

Vv .
||||||||||IIIIIIII Transmitted

V ,
Transmission Coefficient = T - _ Transmitted = TZ¢
V incident

Insertion Loss (dB) = -20 Log




Criteria for Distortionless Transmission

Linear Networks
Linear phase over
Constant amplitude over bandwidth of
bandwidth of interest interest
3 i i : i Frequency
= \ B :
o 1

Frequency
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Magnitude Variation with Frequency

F(t) = sin wt + 1/3 sin 3wt + 1/5 sin 5wt

Time

.

Frequency

- - .

Linear
Network
3 ‘ i I ;_'
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IS
N
)
Frequency Frequency

Agilent Technologies




Phase Variation with Frequency

F(t) =sinwt + 1 /3 sin 3wt + 1 /5 sin 5wt

Linear Network

Time ..X.. Time

Frequency | ‘ |
_——_—>

[
_120° |- \ Frequency
-360° I SEm——
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Characterizing Unknown Devices

Using parameters (H, Y, Z, S) to characterize devices:

« gives linear behavioral model of our device

. measure parameters (e.g. voltage and current) versus frequency under
various source and load conditions (e.g. short and open circuits)

» compute device parameters from measured data

« predict circuit performance under any source and load conditions

H-parameters Y-parameters Z-parameters
Vi = hili + hi2V2 lh = y11V1 + y12V2 Vi =zl + zi2l2

l2 = hailt + h22V2 lo=y21Vi + y22Vo  Va = z21l1 + z22l2

N1,

1

hie =%
Agilent Technologies

v=0  (requires short circuit)

=0  (requires open circuit)

— S-Parameters

b1

REFLECTED

b1 = S11a1 + 31282

b2 = 32131 + 32282

Agilent Technologies

TRANSMITTED

b2

a2
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Why Use S-Parameters?

« relatively easy to obtain at high frequencies E Jl

= measure voltage traveling waves with a vector network analyzer
= don't need shorts/opens which can cause active devices to oscillate or
self-destruct
. relate to familiar measurements (gain, loss, reflection coefficient ...)
. can cascade S-parameters of multiple devices to predict system
performance
. can compute H, Y, or Z parameters from S-parameters if desired
. can easily import and use S-parameter files in our electronic-simulation

tools
Incident S21  Transmitted_
1t

S11 . b2
Reflected | DUT [ So2

by Port1  Port2 || Reflected
“Transmitted ~ S12 Incident

b1= Sq11a1 +Sq12a2
b2 = S21a1 + Se2a2
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Equating S-Parameters with Common
Measurement Terms

S11 = forward reflection coefficient (input match)
S22 = reverse reflection coefficient (output match)
S21 = forward transmission coefficient (gain or loss)
S12 = reverse transmission coefficient (isolation)

Remember, S-parameters are
inherently complex, linear
quantities -- however, we often
express them in a log-magnitude
format

Agilent Technologies
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— S-Parameter Conventions

S,
I

Signal Measured Here Signal Incident Here
(Out of DUT) (Into DUT)
Reflection Measurements = Numbers are the Same ; S,,, S,,

Transmission Measurements = Numbers are Different; S,;, S,,
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S-Parameters of a Two-Port Device

Sa1

Port 1 Si1 ) ll C Sy Port 2

S12

Completely characterize a two port device with four S-parameters

Agilent Technologies
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Forward

Define and Measure Forward S-Parameters

Incident SZl Transmitted

b,
¥
' = > 7
11
Reflected x Lo
b, a,=0

g Reflected _ ﬂ

S =

Incident
i la,=0

s = Transmitted _ bz
’! Incident a
1 a,=0

b =S a1+ S0
by, =Sya; i+ Sy, ]
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Define and Measure Reverse S-Parameters

b,

0

ad

a;= S s
L ng.. 22
0 x Reflected
&

Reverse

a4

b, Transmitted S, Incident

_ Reflected bfz

Transmitted b]
S, = . b
Incident a
2la,=0

B2l

Incident a
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Measuring S-Parameters

Incident S 21 Transmitted 22
101 >
Siy 2o
Forward . Reflected Z=| Load
1 ax=0

S Reflected b,
= —————— -
Incident

S - Reflected

s Transmitted Incident
21 —_—

Incident

Transmitted
S 2 _—

Incident

a=0 b2
Zy |2 S22
Load Reflected Reverse
% 1
b, Transmitted Si2 Incident
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Attenuator S-Parameters

S, => 0.1£6,

S,, 0.0920, Jk

(12 SWR)

AN 0.0520, S,

(1.1 SWR)

S, <= 0.1£6,

Agilent Technologies
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Transistor S-parameters

Sy 5 3454°

S11

05£-166°(, D 0452-63°

0.07£18° <= S,

2N5103 @ 1 GHz
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High-Frequency Device Characterization

Incident _
R Transmitted
B
Reflected
A
REFLECTION TRANSMISSION
Reflected A Transmitted E
Incident Incident
Return \\ Group
Loss Gain / Loss Delay
S- Parameters Impedance, Insertion
Si1, 82 Reflection  Admittance S-Parameters Phase
Coefficient R+jX, Sy1, Si2 Téan?fr_m_sm?n
i oefficien
rp G+jB T
i~ Agilent Technologies
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Modern VNA

Network Analyzer
the four blocks _—

[4]

Process and
Display

b

Transmitted

|

Detector and
Receiver

Agilent Technologies
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Generalized Network Analyzer
Block Diagram

Incident Transmitted
? ||||||||\ i :’
Reflected

SOURCE

__X X _é SIGNAL $X

SEPARATION =]

INCIDENT REFLECTED TRANSMITTED
(R) (A) (B)

]

RECEIVER / DETECTOR

l

PROCESSOR / DISPLAY
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— Full S-Parameter Test

|
|
1 |
1 |
1 |
1 Reference Reference !
1 Receiver Receiver !
| 0 i 1
| 60 dB 60 dB :
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1 |
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1 |
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|
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Aux RF out Aux LO out
Full S-Parameter Test (020GHy) (220 GHz

GHz) (2-20 GHz)

Rear

8.33 MHz

x—

(Y ——

Multipliers (1, 2, 4)

,

Front

— -

M Test port 1

Test port 2 ]
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— Network Analyzer Overview
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Frequency Sweep - Filter Test

CH1 g21 log MAG 10dB/ REF 0dB

CH1S44 log MAG 5dB/ REF 0dB
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o] T Return loss
S Y G )

Calibration and error correction
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Measurement Error Modeling

Systematic errors
. due to imperfections in the analyzer and test setup
. assumed to be time invariant (predictable)
Random errors
« vary with time in random fashion (unpredictable)
x . main contributors: instrument noise, switch and
connector repeatability
Drift errors
y . due to system performance changing after a calibration
has been done
« primarily caused by temperature variation

Errors:

SYSTEMATIC
RANDOM
DRIFT

Measured
Data

Unknown
Device

Systematic Measurement Errors

R A B

Directivity Crosstalk
L
2

Frequency response
. reflection tracking (A/R) Source Load

. transmission tracking (B/R) Mismatch Mismatch

Six forward and six reverse error terms yields 12 error
terms for two-port devices

Agilent Technologies
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Major source of errors (I)

REFLECTION
MEASUREMENTS

Directivity

Actual
S11

Measured

Data Frequency response

Agilent Technologies

Major source of errors (1)

TRASMISSION
MEASUREMENTS

Frequency
response

Measured
S12

Isolation

Agilent Technologies
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Types of Error Correction

. response (normalization)
. simple to perform
. only corrects for tracking errors
. stores reference trace in memory,
then does data divided by memory thru

. vector
. requires more standards
. requires an analyzer that can measure phase
. accounts for all major sources of systematic error

S11a thru

What is Vector-Error Correction? .

« Process of characterizing systematic error terms
. measure known standards
. remove effects from subsequent measurements

. 1-port calibration (reflection measurements)
. only 3 systematic error terms measured
. directivity, source match, and reflection tracking

. Full 2-port calibration (reflection and transmission measurements)
. 12 systematic error terms measured
. usually requires 12 measurements on four known standards
(SOLT: Short Open Load Thru)

. Standards defined in cal kit definition file
. network analyzer contains standard cal kit definitions
- CAL KIT DEFINITION MUST MATCH ACTUAL CAL KIT
USED!
. User-built standards must be characterized and entered into user

cal-kit Agilent Technologies

22



Before and After One-Port Calibration

0
E 2.0
7] data before 1-port -
calibration C
20 H
o / £ 11
k=) i E
E-
T 40 A - 2
2 = 1.01
e . c
data after 1-port E
60 calibration -
— 1.001
6000 MHz 12000
Agilent Technologies
Errors and Calibration Standards
UNCORRECTED RESPONSE 1-PORT FULL 2-PORT
£ R = = =

L | thru [

. Convenient .l g toao [l @ | roap

« Generally not
accurate

. Easy to perform
« No errors removed ylop

] DUT L[]

« Use when highest

accuracy is not « For reflection
required measurements
. Removes « Need good termination .
frequency for high accuracy with
/ response error two-port devices .
. Removes these errors:
ENHANCED-RESPONSE Directivity
« Combines response and 1-port Source_match ]
. Corrects source match for transmission Reflection tracking

measurements

Agilent Technologies

[ o |

thru

Highest accuracy

Removes these errors:
Directivity
Source, load match
Reflection tracking
Transmission tracking
Crosstalk
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Response versus Two-Port Calibration

Measuring filter insertion loss

CH1 Spi&M log MAG  1dB/ REF 0dB
CH2 MEM logMAG __ 1dB/ REF 0dB
ea
Cor A | L
T T\ After two-port calibration
N~ . .
After response calibration
r\/‘\f—\
/ -VV AN ‘A\'AL
Cor W Uncorrected
x2 1 2
START 2 000.000 MHz STOP 6 000.000 MHz
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Conversion to dB scale ()

A convenient form to express large power or voltage ratios is to use “dB scale,” based on
logarithms.

V, P,
aB=201og[ Y2 |=10 10g = VOLTAGE | POWER
V| Pn Ratio | Expon. | dBvalue | Expon. | Ratio
=20 (expv)=10(expp) 1 100 0 10° 1
L. 141 10015 3 1003 2
Where, V,, V,, P, and P, are the quantities to be = 7=
compared, assuming equal terminations 173 10 417 10 3
2 10030 6 1008 4
.50 1
The terms expy, and expp are the 10-based 319 wn. i 101 i
.85 .7
exponents of the voltage and power ratios. 07|10 L 10 80
10 10 20 10 100
When dB is given, the conversions are: 0.707_| 1001 -3 100 05
dB. B 0.5 10030 -6 10948 .25
V,_ ® 2= % 0.316 | 109% 10 |10 1
= =10 and —=1¢ : ' :
v, P, 01 |10 20 102 |oot
VOLIAGE RATIO 1-0 12 14 16 18 20 22 24 m 28 30 as 40 45 50 55 60 65 7.0 1ﬁ a0 9 10
- 1 2 3 4 5 (] 7 8 9 10 1 12 13 ‘l 15 16 17 18 19 k-
POWERRATIO 10 12 14 16 18 20 25 30 umuﬂo I i i 910 12 14 16 18 20 2 30 35 40 4550 60 WUNIW.

Summary

Expressing voltage and power ratios in dB simplifies the algebra since multiplication is reduced to
addition, and division to subtraction.

To convert exponential power ratio to dB, mulitiply the exponent by 10.
To convert exponential voltage ratio to dB, multiply the exponent by 20.
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Conversion to dB scale (ll)

Power Conversion Scale
Absolute dBm

We use “dB” to simplify ratios.
The term “dBm” refers to an absolute power level.

1 megawatt

“0 dBm” is used as a power reference level, defined Transmitter

to ImW power dissipated in a resistive termination. POWer 4 kilowatt

The “dBW?” scale uses 1W as a reference instead of
1mW. Zero dBW is a power level of 1W.

To find dBm or dBW of an arbitrary power R""L'."v: 1 milliwatt
level:

1 microwatt

dBm =10 log(P,,w) and dBm =10 log(Py) 40
Lowest 5l
To get Watts or milliWatts from dBm or dBW: lllll;:blll 1 nanowatt -::
na B
& Sios Received 1 picowatt ::
10 10 picowat -
Pow = 10 and p, =10 Signal 6o
-110
Noise 1 femtowatt -120dBm
Summary

Power reference scale in dBm and dBW

Abs. Power: 1nW 10nW .1uW 1pgW  10pW .1mW 1mW 10mW .1W 1W 10W .1kW 1kW
dBm: -60 -50 -40 -30 -20 -10 [ +10 +20 +30 +40 +50 +60
dBW: -%0 -80 -70 -60 -50 -40  -30 -20  -10 0 +10 +20 +30

Changing units of power (fW — pW — nW — pW — mW — W — KW — MW) always refers to a
factor of 1000, or 10°. Therefore, on the db (or dBm) scale, the corresponding change is always
30dB (or dBm).

Sometime it is more convenient to use voltage for reference. The “dBV,” “dBmV," and “dBuV" scales
are referenced to 1V, 1mV, or 1pV applied to a specific resistor. For example, 0dBmV/75Q refers to
1mV across 75Q. Or, +20dBpV/50Q means 10pV applied to a 50Q resistor (remember to use
20log, not 10log in the computation).
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